Summary: Failure of glutamate uptake during ischemia can lead to neurotoxic accumulations of glutamate in brain extracellular space. Hypoxia and acidosis are met abolic consequences of ischemia that may individually or in combination impair glutamate uptake. We used pri mary rat astrocyte cultures to study the effects of acido sis, chemical hypoxia, and the combination of acidosis plus chemical hypoxia on glutamate uptake. Chemical hypoxia alone reduced uptake by 35-45%. Reduction in pH from 7.4 to 5.8 also caused a significant but incom plete inhibition of glutamate uptake, and this effect was more pronounced in medium buffered with CO2/ bicarbonate. However, the combination of chemical hyp oxia plus acidosis reduced glutamate uptake to below Focal cerebral ischemia can cause marked reduc tions in tissue pH as a result of continued glycolytic metabolism and lactic acid production. As recently reviewed by Siesj6 et al. (1993) and Tombaugh and Sapolsky (1993) , acidosis has complex effects on ischemic brain injury. Acidosis can reduce Ca2 + flux through N-methyl-D-aspartate (NMDA) recep tor-gated channels and decrease excitotoxic death in cultured neurons. However, acidosis is also re ported to increase Ca2 + influx in hypoxic brain slice preparations (O'Donnell and Bickler, 1994) and to have varying effects on ischemic injury in vivo (My ers and Yamaguchi, 1977; Simon et aI., 1993; Kat sura et aI., 1994). The present study addresses a further effect of acidosis that may largely account for these apparently conflicting results: impairment 
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of excitatory amino acid (EAA) uptake. Elevations in extracellular EAA concentrations can cause neu ronal excitotoxicity during ischemia (Choi, 1988) , but these sustained elevations may not occur in the absence of uptake failure. Conditions that cause massive neuronal depolarization but do not com promise EAA uptake, such as spreading depression and brief seizures, do not cause significant eleva tions in extracellular EAAs (Lehmann et aI., 1985; Siesj6 et aI., 1989; Meldrum, 1992) or widespread neuronal injury (Nedergaard and Hansen, 1988; Meldrum, 1992) . The importance of uptake in lim iting neuronal injury is also evidenced by exoge nous delivery of EAAs to brain. Glutamate, which is rapidly taken up by normal brain, causes neuro nal injury only when administered at concentrations 1,000-fold greater than the intrinsically weaker ag onists NMDA and kainate, which are not taken up (Coyle et aI., 1981; Mangano and Schwarcz, 1983; Patneau and Mayer, 1990) . These factors suggest that maintenance of glutamate uptake during isch emia could significantly affect neuronal survival.
Glutamate is taken up by both neurons and astro glia, with glial uptake predominating (McLennan, 1976) . Uptake of glutamate and other EAAs occurs primarily via energy-dependent, high-affinity mech anisms (Balcar and Yi, 1992) . Several studies sug gest that astrocytes in vitro (Balcar et aI., 1977; Swanson, 1992; Huang et aI., 1993; Ohashi et aI., 1993) and in vivo (MacMillan, 1989; Swanson et aI., 1994) have the capacity to fuel glutamate uptake by glycolytic metabolism alone. This ability of astro cytes to maintain glutamate uptake under hypoxic conditions could provide an important means of limiting extracellular glutamate accumulation dur ing focal ischemia. Since blood carries less extract able oxygen than glucose (Mountcastle, 1980) , anaerobic glycolysis can continue in brain regions with reduced but nonzero blood flow (Shiraishi et aI., 1989) . However, the resulting accumulation of lactic acid in these regions (Selman et aI., 1990; Folbergova et aI., 1992) may adversely affect astro cyte function. Astrocytes may be more vulnerable than neurons to acidosis injury (Goldman et aI., 1989; Giffard et aI., 1990; Tombaugh and Sapolsky, 1990 ) and respond to lowered pH with ATP consuming H + transport (Kempski et aI., 1990) . Accordingly, acidosis may impair EAA uptake and other energy-dependent astrocyte functions, partic ularly under conditions of hypoxia and limited ATP production. In the present study, we have examined the combined effects of acidosis and hypoxia on glutamate uptake and ATP levels in primary rat cor tical astrocyte cultures. An abstract has previously appeared (Swanson and Simon, 1993) .
MATERIALS AND METHODS
All reagents were obtained from Sigma (St. Louis, MO, U.S.A.) except where otherwise noted.
Astrocyte cultures
Primary cortical astrocyte cultures were prepared from newborn rats (Simonsen, Gilroy, CA, U.S.A.) using the method of Hertz et al. (1985) with minor modifications (Swanson, 1992) . In brief, dissociated cortices were sus pended in Eagle Minimal Essential Medium with 10% fe tal bovine serum (Hyclone, Ogden, UT, U.S.A.) and 2 mM glutamine, plated onto Falcon 24-well tissue culture plates (Becton Dickinson, Oxnard, CA, U.S.A.), and in cubated at 37°C in a 5% CO2 atmosphere. At confluency (12-15 days in vitro), 10 fl-M cytosine arabinoside was added to inhibit growth of other cell types. After 48 h this medium was exchanged with medium containing 2.5% fe tal bovine serum/2 mM glutamine/0.2 mM dibutyryl cyclic AMP. The medium was changed weekly. Cells were used at 28-40 days in vitro, at which time they displayed a stellate morphology and were uniformly positive for glial fibrillary acidic protein (ICN, Costa Mesa, CA, U.S.A.).
Acidosis
Two medium preparations were used to vary pH: bi carbonate-free medium that was used in room air, and medium prepared with physiologic but (Kimelberg, 1981; Ganz et aI., 1989; Kempski et aI., 1990) . Initial experiments were performed in medium that was nominally bicarbonate-free to exclude the poten tially confounding effects of differing [HC03 -] at differ ent pH values. This medium was prepared and used in room air and contained 3.1 mM KCl/0.5 mM KH2P04/1.2 mM MgS04/1.2 mM CaC12/5 mM glucose/lO mM 1,4-piperazinediethanesulfonic acid (pKa = 6.7) adjusted with NaOH to pH 5.8-7.4 at 37°C. NaCI was added to reach 300 mOsmol (Wescor Vapor Pressure Osmometer; Logan, UT), resulting in a final Na + concentration of 120 mM. To more closely approximate the conditions present during cerebral ischemia (Kraig et aI., 1986) , experiments were also performed using in media equilibrated with a 20% CO2 atmosphere. [HC03 -] in these media varies from 1.5 mM at pH 5.8 to 39.5 mM at pH 7.0 (Stewart, 1981) . pH was adjusted with NaOH, and final osmolality was set at 300 mOsmol by adding NaCl. Media prepared with more NaOH received correspondingly less NaCl, such that [Na +] in all media was -120 mM while [Cl-] varied inversely with [HC03 -].
Chemical hypoxia
Sodium azide (25 mM), 2A-dinitrophenol (0.1 mM), and antimycin A (10 mg/ml) each inhibit oxidative ATP production by different mechanisms (Erecinska et aI., 1981) . These concentrations have previously been shown to be supramaximal (Olson and Holtzman, 1980; Swan son, 1992) . The inhibitors were prepared in isotonic stock solutions and added to the astrocyte cultures for 2 h prior to pH manipUlations to ensure complete inhibition of ox idative metabolism and depletion of ATP stores (Swan son, 1992) . Control wells received equal volumes of iso tonic saline. Acidosis was initiated by exchanging the cul ture medium with bicarbonate-free or CO2-equilibrated medium adjusted to the desired pH and containing the same inhibitor used in the preincubation. Incubation in combined chemical hypoxia and acidosis was continued for 1 h prior to ATP or glutamate uptake determinations. All incubations were at 37°C, and all manipulations with CO2-equilibrated medium were performed in a 20% CO2 atmosphere. Glucostix (Miles, Elkhart, IL, U.S.A.) were used to confirm that medium glucose remained >4 mM throughout the studies.
Glutamate uptake
Glutamate uptake was measured as described by Yu et al. (1986) . Each culture well received 0.025 fl-Cilml L [2,3-3 H]glutamate (American Radiochemicals, St. Louis, MO, U.S.A.) plus 50 fl-M unlabeled glutamate. In some experiments, the concentration of unlabeled glutamate was varied between 5 and 250 fl-M to prepare Line weaver-Burke estimates of apparent uptake Km and V max' In all studies, uptake was terminated after 7-min incubation at 37°C by two washes in ice-cold BSS, fol lowed immediately by cell lysis in 0.5 N NaOH/0.05% lauryl sulfate. Aliquots were taken for scintillation count ing and for protein assays (Lowry et aI., 1951) using oval bumin standards. Preliminary studies showed uptake to be linear with time through at least 10 min. Binding was assessed by performing the uptake assay with osmotically lysed cells; counts attributable to binding were typically <0.2% of uptake in control wells. To facilitate compari sons between different batches of astrocytes, uptake in each well was normalized to uptake rates measured in sister wells under the control conditions of pH 7.4 in bi carbonate-free medium. Statistical comparisons were performed with Student's two-tailed t test or with analy sis of variance and the Bonferroni correction for multiple comparisons. All results are expressed as means ± SD.
ATP measurements
Cells were dissolved in ice-cold 0.1 N NaOH contain ing I mM ethylenediaminetetraacetate and immediately transferred to cold tubes containing excess perchloric acid. Proteins were precipitated by centrifugation. Super natants were brought to pH 7 with KHC03 and again centrifuged. ATP was measured in the sup e rnatants by the fluorometric method of Lowry and Passonneau (1972) . ATP standards were stored in 0.1 N NaOHII mM ethylenediaminetetraacetate at -70°C and were run in parallel with samples for each assay.
Cell viability
Initial studies employed the lactate dehydrogenase (LDH) method to exclude cell death as a cause of reduced ATP levels and glutamate uptake. Cultures used for via bility assessments were treated in parallel with those used for ATP or glutamate uptake measurements, but follow ing exposure to acidosis and chemical hypoxia, these cul tures were washed and returned to the 5% CO2 incubator. Twenty-four hours later, the cells were lysed in a hypoos molar solution of 5 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH 7.0)11 mM dithiothreitoIl0.02% bovine serum albumin/O.l% Triton X-\OO. The LDH ac tivity of the lysates was determined by the method of Koh and Choi (1987) using a kinetic plate reader (Molecular Devices, Menlo Park, CA, U.S.A.). These LDH activi ties were compared with those of sister cultures that had not been exposed to acidosis or chemical hypoxia. In later studies, the propidium iodide method was used to qualitatively screen for cell death in selected wells of each 24-well culture plate. These wells received 10 fLM propid ium iodide following the treatments with hypoxia and ac idosis and were examined by phase contrast microscopy under blue light excitation. Cells with incompetent cell membranes admit propidium iodide and fluoresce red un der these conditions (Edidin, 1970) .
RESULTS
The apparent uptake Krn for glutamate was mea sured at 24.6-27.3 fJ.-M and the Vrnax at 10.1-16.1 nmol/min/mg protein in cultures from three differ ent astrocyte batches (Fig. 1) . Under the study con dition of 50 fJ.-M unlabeled glutamate, uptake in con trol wells varied between 6.8 and 16.5 nmol/mg pro tein/min (mean 8.9 ± 3.3) in 10 batches of astrocytes in bicarbonate-free medium at pH 7.4. Uptake ranged from 5.5 to 12.0 nmol/mg protein/ min (8.1 ± 3.1) among eight batches of astrocytes in the bicarbonate-containing, CO 2 -equilibrated me dium at pH 7.0. Inconsistent results were obtained at pH 7.4 in this medium, presumably because of the very high bicarbonate (99 mM) and correspond ingly low chloride concentrations present under these conditions. Chemical hypoxia induced by 2-h incubations with each of the three mitochondrial inhibitors caused significant but partial inhibition of glutamate uptake (Fig. 2) . Results were similar in COzequilibrated and bicarbonate-free media, with up take reduced by 35-55% in both preparations. The inhibition caused by chemical hypoxia was mark edly increased by acid pH, such that uptake at pH 5.8 was < 10% of control values. Acidosis also caused significant reductions in glutamate uptake in the absence of chemical hypoxia. In bicarbonate free media, the uptake was reduced by 46.5 ± 2.8% at pH 6.2 and by 57.4 ± 2.1% at pH 5.8. These reductions were significantly greater in COzequilibrated medium (p < 0.01), where uptake was reduced by 63.2 ± 9.1% at pH 6.2 and by 70.0 ± 16.2% at pH 5.8.
Astrocyte ATP content was measured at 25.2 ± 0.6 nmol/mg protein under control conditions. ATP content during chemical hypoxia and during hypox ia plus acidosis varied in a manner similar to gluta mate uptake rates (Fig. 3) . Chemical hypoxia at neutral pH reduced ATP to 65-75% of control val ues. ATP was further reduced during chemical hyp oxia at acid pH, with levels at pH 5.8 falling to <25% of controls. However, acidosis in the ab sence of hypoxia did not significantly reduce astro cyte A TP content, a result that contrasts with the effects of normoxic acidosis on glutamate uptake. Differences between ATP values obtained with bi carbonate-free medium and with COz-equilibrated medium were not significant (p > 0.05) after cor rection for multiple comparisons.
Assessment of cell viability after treatment with acidosis and hypoxia showed that the observed re ductions in ATP content and glutamate uptake were not the result of cell death. Propidium iodide fluo rescence and LDH activity were unchanged in cul tures exposed to any of the experimental conditions over the time intervals employed. These measures did begin to show cell death if the exposures to hypoxia plus acidosis were extended beyond > 3-h duration (results not shown).
DISCUSSION
Hypoxic conditions have been previously re ported to cause only partial inhibition (Balcar et aI., 1977; Swanson, 1992; Ohashi et aI., 1993) or no in hibition (Huang et aI., 1993) uptake. Partial inhibition of uptake may not be physiologically significant given the high capacity of the uptake mechanism. Indeed, remarkably little neuronal injury results from cyanide-induced chem ical hypoxia in animals if cardiac function is main tained (Brierley et aI., 1977; MacMillan, 1989) , and microdialysis delivery of glucose to brain during complete ischemia has been shown to dramatically slow the local rise in extracellular glutamate con centrations (Swanson et aI., 1994) . The cardinal finding of the present study is that the ability of astrocytes to maintain glutamate uptake under hyp oxic conditions can be almost completely abolished by superimposed acidosis. This effect of combined hypoxia plus acidosis may contribute to the failure of glutamate uptake during incomplete cerebral ischemia, where glutamate levels rise despite ongo ing glycolytic metabolism.
Astrocyte glutamate uptake is mediated by sev- 
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5.8 eral different transporters that can be distinguished on the basis of Ca2+, Cl-, and Na + dependency and substrate specificity (Drejer et aI., 1983; Cho and Bannai, 1990; Flott and Seifert, 1991; Balcar and Yi, 1992) or by amino acid sequence (Pines et aI., 1992; Storck et aI., 1992) . The observed Km and V max values, as well as the changes in uptake during hypoxia and acidosis, reflect the aggregate function of these different transporter types. This aggregate, whole-cell response determines the rate at which glutamate is removed from the extracellular space under both normal and pathological conditions. For the present study, changes in V max are of primary interest because excitotoxic neuronal injury during ischemia is associated with elevations of brain ex tracellular glutamate concentrations above 100 flM (Benveniste et aI., 1984 (Benveniste et aI., , 1989 . The glutamate con centration employed for the uptake studies (50 flM) was approximately twice the apparent Km, such that the observed changes in uptake rates are pre dominately the result of the changes in V max' Several methodological aspects of these studies should be noted. First, the cultures were preincu bated with the mitochondrial inhibitors to allow changes in ATP content to become fully manifest (Balcar et aI., 1977) before assessing glutamate up take. The effects of hypoxia could be underesti mated without a preincubation period. A second im portant aspect is the monitoring of medium glucose concentrations at the end of the studies. This en sures that the observed effects of hypoxia and aci dosis do not result from rapid depletion of the me dium glucose under these conditions. Third, the po tential effects of hypoxia or acidosis on glutamate metabolism are unlikely to influence the uptake measurements because uptake is linear through 10 min under control conditions, where glutamate me tabolism is likely maximal. Finally, the possibility that the mitochondrial inhibitors could have direct actions on glutamate transporters is rendered un likely by similar results obtained with three differ ent agents, each of which acts in a different manner to inhibit oxidative ATP production (Erecinska et aI., 1981) .
A plausible mechanism by which hypoxia might impair uptake is by limiting ATP production. Glu tamate uptake proceeds against a steep concentra tion gradient and is ultimately achieved at the ex pense of ATP, regardless of transporter type. Al though the observed reduction in astrocyte ATP levels during chemical hypoxia supports this mech anism, the relationship between cellular ATP levels and glutamate transport may be complex. As noted by Connett et al. (1990) , compensatory mechanisms may reduce A TP utilization and net A TP flux during hypoxia, and reductions in ATP levels may there fore underestimate the degree of energy failure. The dominant mechanism of glutamate uptake under normal conditions is sodium dependent (Cho and Bannai, 1990; Balcar and Yi, 1992) . This transport is electrogenic and couples glutamate uptake to Na + uptake and K + efflux, such that these ions move down the concentration gradients established by membrane N a +, K + -ATPase (Barbour et al., 1988) . Harold and Walz (1992) have found astrocyte membrane potential to be only minimally affected by chemical hypoxia (at normal pH), suggesting that normal membrane N a + IK + gradients are main tained. However, isolated cells from several sources do show a linear relationship between [ATP] and ouabain-sensitive K + transport (Erecin ska and Dagani, 1990) .
Unlike hypoxia, acidosis caused significant re ductions in glutamate uptake even in the absence of ATP depletibn. It is unlikely that this was due sim ply to protonation of glutamate, because the frac tion of glutamate ions with one negative charge changes by <10% between pH 7.0 and pH 5.8. H+ could have direct effects on transporter kinetics, possibly by titration of charged groups on the car rier proteins (Barbour et al., 1988) . Marked acidosis could also increase [Na +L as a result of H+ INa + counterexchange (Kempski et aI., 1990) , thereby re ducing the transmembrane sodium gradient and electrical potential. Alternatively, to the extent that astrocytes sequester H + ions during acidosis (Kraig et aI., 1986; Kraig and Chesler, 1990) , the resulting fall in OH -in/OH -out may inhibit glutamate uptake because sodium-dependent glutamate transporters may also move one OH-or HC03 -ion out with each glutamate moiety taken up (Bouvier et aI., 1992) .
In contrast to the negligible effect of acidosis on ATP levels during normoxia, acidosis under hypox ic conditions increased A TP depletion and further reduced glutamate uptake. This suggests that acido sis may affect glutamate transport by exacerbating the hypoxia-induced ATP depletion as well as by mechanisms unrelated to cellular ATP levels. Ad ditive effects of acidosis and hypoxia on ATP de pletion may also bear on the unusual sensitivity of astrocytes to acid injury. Acidosis potentiates in jury during energy failure in astrocytes (Giffard et aI., 1990) , an effect opposite to that seen in other cell types that do not actively buffer extracellular pH (Gores et aI., 1988) .
The exacerbation of hypoxia-induced ATP deple tion by acidosis must result either from a slowing of glycolytic ATP production or an acceleration of ATP consumption. Phosphofructokinase (ATP:D-fructose-6-phosphate I-phosphotransferase; EC 2.7.1.11), the rate-limiting enzyme of glycolysis, is inhibited by low pH in cell-free preparations (Hoch achka and Mommsen, 1983) . However, this effect may be reversed under ischemic conditions by the overriding allosteric effects of reduced cellular ATP and elevated AMP, glucose-l,6-bisphosphate, and fructose-2,6-bisphosphate (Dobson et aI., 1986) . Brain pH can fall well below pH 6.2 during incom plete ischemia (Siemkowicz and Hansen, 1981; Kraig et aI., 1986; Smith et aI., 1986; Kraig and Chesler, 1990) , indicating that brain glycolysis does continue at pH values below those found to depress ATP levels in the present study. An alternative means by which acidosis could lower A TP levels is by increasing energy demand on astrocytes through stimulation of energy-dependent H + transport (Kempski et aI., 1990) . Bicarbonate is an important mediator of astrocyte H + transport (Kimelberg, 1981; Kraig et aI., 1986; Kempski et aI., 1990) , and the absence of bicarbonate ion could slow A TP con sumption in astrocytes exposed to acidosis. CO 2 / bicarbonate-free conditions could also alter the de gree to which astrocyte pHi shifts in response to extracellular acidosis (Chesler, 1990; Boyarsky et aI., 1993) . In the present study, the inhibition of astrocyte glutamate uptake by acidosis was less marked in bicarbonate-free medium than in CO 2 -equilibrated medium, but differences in cellular ATP content in the two medium types did not achieve statistical significance after correction for multiple comparisons.
It should be noted that the cell culture system models only some of the conditions of cerebral isch emia, and features inherent to the culture system may limit extrapolation of these findings to in vivo settings. In addition to reduced pH, ischemia in brain causes marked changes in extracellular osmo lality, K +, and CI-that, because of the large ex tracellular volume, do not occur in the culture sys tem. Each of these changes could independently af fect glutamate uptake. In the same manner, the absence of microglia and neurons from this system eliminates possible modulating effects of signals from these cells (Yu et aI., 1986; Piani et aI., 1993) . Differences between astrocyte cultures and astro cytes in brain could also be significant, although their responses to hypoxia appear to be similar (Ol son and Holtzman, 1988) . Each of these factors could serve to either diminish or augment the ef fects of acidosis on glutamate uptake in vivo.
Despite these limitations of the cell culture sys tem, the present findings may help reconcile con flicting reports regarding pH effects on ischemic brain injury. Acidosis can decrease NMDA recep-J Cereb Blood Flow Metab, Vol. 15, No.3 . 1995 tor-gated Ca2 + flux in isolated neurons (Tang et aI., 1990) and reduce neuronal death during energy de privation in cell culture (reviewed by Siesjo et aI., 1993; Tombaugh and Sapolsky, 1993) , but acidosis can also increase Ca2+ flux in hypoxic brain slices (O'Donnell and Bickler, 1994) and exacerbate isch emic injury in vivo (Kat sura et aI., 1994) . The present studies suggest that the inhibitory effects of marked acidosis on glutamate uptake could out weigh the salutary effects of acidosis on NMDA receptor-gated Ca2+ flux in vivo. The differing re sults obtained in cell culture studies may reflect the fact that the open cytoarchitecture of these prepa rations minimizes the role of glutamate uptake (Choi et aI., 1987) and of glutamate uptake failure. V sing acidosis of varying degrees in a model of brain ischemia, Simon et al. (1993) found a V-shaped relationship between pH and infarct size with a reduction in infarct size that was maximal at pH 6.8. It may be noteworthy that this degree of acidosis causes marked reductions in NMDA recep tor Ca2+ flux (Tang et aI., 1990) , but has only mod est effects on astrocyte glutamate uptake.
